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Abstract
Accurate measurements of particle surface tension are required for models
concerning atmospheric aerosol nucleation and activation. However, it is difficult to
collect sufficiently large volumes of atmospheric aerosol for use in typical instruments
that measure surface tension, such as goniometers or Wilhelmy plates. In this work, a
method that measures the surface tension of collected liquid nanoparticles using atomic
force microscopy is presented. A film of particles is collected via impaction and probed
using nanoneedle tips with the atomic force microscope (AFM). This micro-Wilhelmy
method allows for direct measurements of surface tension of small amounts of sample.
The micro-Wilhelmy method was verified using liquids whose surface tensions
were known. Particles of oxidized α-pinene were then produced, collected, and analyzed
using this method. Preliminary results show that oxidized α-pinene particles formed in
dry conditions have a surface tension similar to that of pure α-pinene, and particles
formed in wet conditions have a surface tension that is significantly higher.
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1. Introduction

Atmospheric aerosols are particles on the nanometer to micrometer scale that are
suspended in the atmosphere. They can be either solid or liquid phase, and are produced
from a variety of sources. Anthropogenic sources of aerosols include combustion
byproducts, industrial processes, and emissions from transportation. Only about 2 percent
of aerosols by mass are produced from anthropogenic sources; the remainder is produced
from natural mechanisms. Sources of naturally-occurring aerosols include windborne
dust, seaspray, volcanoes, and chemical reactions in the atmosphere [Seinfeld and Pandis,
2006].
Atmospheric aerosols are known to directly influence the global climate [Boucher
et al., 2013]. Particles suspended in the atmosphere have a tendency to either scatter or
absorb solar radiation, depending on their composition and other factors. This is known
as radiative forcing [Boucher et al., 2013]. Positive radiative forcing occurs when
aerosols absorb solar radiation; this has a warming effect on the climate. Negative
radiative forcing occurs when aerosols scatter radiation; this results in a cooling effect on
the climate.
Atmospheric aerosols can also indirectly affect climate when they form cloud
seeds, or cloud condensation nuclei (CCN) [Boucher et al., 2013; Seinfeld and Pandis,
2006]. CCN-activated particles are solid or liquid particles that have absorbed water until
they have become aqueous. Through direct water uptake and collisions with other CCN,
these particles grow to many times their original size and ultimately become cloud
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particles [Seinfeld and Pandis, 2006]. Clouds are known to participate in negative
radiative forcing by reflecting solar radiation away from the earth’s surface. The extent of
this indirect radiative forcing is not known to a high degree of accuracy, mainly because
incomplete or insufficient modeling of cloud formation [Boucher et al., 2013]. Therefore,
much work has been done to understand which types of aerosols are CCN-active and
quantify properties of CCN-active particles.
Atmospheric aerosols also pose certain health risks. They are known to deposit in
the respiratory tract, causing diseases such as asthma and lung cancer [Balásházy et al.,
2003]. Particles larger than 10 μm typically do not deposit far into the respiratory tract
and are often trapped in the nose and throat. Smaller particles are able to navigate the
smaller, more tortuous passages in the lungs and often deposit there [Hatch, 1961]. In
addition, CCN-active particles absorb water vapor from the respiratory tract and grow as
they travel into the lungs, increasing the chances that they will deposit [Heyder, 2004].
Thus, an understanding of aerosol deposition, whether for intentional drug delivery or for
pollution control, is important for modeling and predicting aerosol behavior. Accurate
modeling depends greatly on both initial surface tension and changes to surface tension in
the presence of water vapor.
In this investigation, a novel method for directly measuring surface tension will
be presented. Surface tension is a parameter used in models that predict particle
nucleation and CCN growth; however, currently used methods are unable to directly
measure the surface tensions of small particles. The method developed in this project
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directly measures the surface tension of a film of collected aerosol using a microWilhelmy method.
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2. Background
2.1 Aerosol Properties

Atmospheric aerosols contain a wide variety of components in vastly varying
amounts. Tropospheric aerosols contain sulfates, ammonium, nitrates, sodium, chloride,
other trace metals, carbon, and water [Seinfeld and Pandis, 2006]. Aerosol composition is
dictated by the aerosol source and the aerosol’s environment. After aerosols are formed,
they interact with each other and other chemicals in the atmosphere. Resulting chemical
reactions and/or coagulation changes the composition of particles over time [Seinfeld and
Pandis, 2006]. Because of this, it is difficult to determine the exact composition of an
aerosol particle and nearly impossible to know the exact composition of any significant
number of aerosols.
Atmospheric aerosols can be generated by one of two methods: by direct emission
and by a gas-to-particle conversion process. Particles that are emitted directly are referred
to as primary aerosols, whereas particles that are formed from a condensing vapor phase
are called secondary aerosols. Primary aerosols typically form in the size range of 0.1 to
10 μm, and secondary aerosols form in the size range of 10 to 100 nm [Seinfeld and
Pandis, 2006]. Figure 2-1, below, illustrates a typical atmospheric aerosol particle size
distribution.
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Figure 2-1. Atmospheric aerosol production mechanisms and size distribution [Whitby and
Cantrell, 1976]

2.2 Aerosol Nucleation and Activation

Secondary aerosols form when gases in the atmosphere react with each other and
form products with a vapor pressure lower than the ambient pressure. When this happens,
the supersaturated products condense into particles in a process called nucleation. Particle
nucleation is well modeled by the Kelvin equation [Laaksonen and McGraw, 1996],
which is described in further detail in section 3.1. One of the challenges of using the
Kelvin equation to model particle nucleation is that accurate surface tension
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measurements of the nuclei are necessary [Laaksonen and McGraw, 1996; Schmelzer et
al., 1996]. Particle nuclei are only composed of a few molecules, so direct measurement
of their surface tensions has not been possible. Studies on nucleation typically rely on an
assumption about the composition and use tabulated values for bulk surface tension
[Daisey and Hopke, 1993] or simply assume “physically reasonable values” [Moldanova
and Ljungström, 2000]. A direct method of measuring the surface tensions of particles
shortly after nucleation is preferable to these assumptions and would likely reduce the
error in particle nucleation models.
Köhler theory is used to predict the properties of activating cloud condensation
nuclei [Köhler, 1936]. The Köhler equation balances the Kelvin effect with Raoult’s Law
in order to describe particle activation (this is described in greater detail in section 3.2).
Thus, similar problems arise in specifying physical properties used in the Kelvin term of
the Köhler equation. To date, there has been little consistency between assumptions used
for the activated particles’ surface tensions. Many researchers [Prenni et al., 2007; Petters
and Kreidenweis, 2007; Huff Hartz et al., 2005; Conant et al., 2002] have assumed that,
at activation, the particles consist mainly of water, so a surface tension for pure water was
used. Though this is a good initial assumption, it neglects the depressive effect of organic
surfactants on the activating particles’ surface tensions [Kiss et al., 2005; Facchini et al.,
1999]. It is now generally agreed upon that, for most activating particles with these
surfactants, the surface tension is reduced by about 10-15% [Facchini et al., 2000;
Engelhart et al., 2008; Asa-Awuku et al., 2010; King et al., 2009]. Several methods have
been used to predict this surface tension reduction. Some researchers have collected
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particles and diluted them so as to allow for a direct measurement using conventional
instruments [Asa-Awuku et al., 2008; Moore et al., 2008; Schwier et al., 2013; Henning
et al., 2005]. These values were then extrapolated back to the initial concentration by
fitting them to a Szyskowski-Langmuir isotherm. Occasionally, surface tensions for the
particles have been back-calculated using Köhler Theory Analysis when all other
parameters are known or estimated [Asa-Awuku et al., 2010; Engelhart et al., 2008].
Others [Raymond and Pandis, 2002; Kiss et al., 2005] have prepared solutions mimicking
the bulk chemical composition of aerosol particles and directly measured their surface
tensions. However, none of these methods directly measures the surface tension of the
actual particles in question.

2.3 Surface Tension Measurement

There are many ways to measure surface tension of macroscopic volumes of fluid.
Most involve submerging a solid object (with a known, simple geometry) in the fluid in
question and measuring the force the liquid exerts on the object. Figure 2-2 shows the
Wilhelmy plate method of determining surface tension.
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Figure 2-2. Wilhelmy plate determination of liquid surface tension, where σ is surface tension
and θ is the contact angle of the liquid at the liquid-gas-solid boundary [Wilhelmy plate
method].

If the plate is made of platinum (which is common), θ approaches zero immediately
before the plate and liquid break contact. At this point, surface tension can be directly
calculated using only the dimensions of the plate and the force acting on the plate
[Wilhelmy plate method].
In this project, a micro-Wilhelmy method developed by Yazdanpanah
[Yazdanpanah et al., 2008] was used to measure the surface tension of a film of collected
liquid aerosol particles. In this method, a specially-designed AFM tip with a needle of
cylindrical geometry was used to probe a liquid film. The AFM was calibrated to read the
force exerted on the tip, and the wetted perimeter of the needle was found with standard
liquids. Using this method, surface tension of an extremely small amount of sample could
be measured in a way analogous to the Wilhelmy plate.
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3. Theory
3.1 Kelvin Equation

Aerosol nucleation can be well modeled using the Kelvin equation [Laaksonen
and McGraw, 1996]. This equation predicts the vapor pressure of a particle as a function
of surface tension, molecular weight, temperature, density, and particle radius. If a vapor
pressure equal to atmospheric pressure is used and surface tension, molecular weight,
temperature, and particle density are known, the Kelvin equation predicts the radius of a
critical nucleus. That is the smallest possible radius that a particle can exist at without
evaporating into the vapor phase.
The Kelvin equation is:
2∗𝜎∗𝑀

𝑝𝑎 = 𝑝𝑎0 ∗ exp [𝑅∗𝑇∗𝜌 ∗𝑅 ]
𝑙

𝑝

(3-1)

Where pa is the vapor pressure of the particle, pa0 is a reference pressure, σ is surface
tension, R is the ideal gas constant, T is absolute temperature, ρl is liquid particle density,
and Rp is the particle radius. From equation 3-1, it is clear that, as particle radius
increases, the particle’s vapor pressure decreases. In other words, the vapor pressure over
a curved interface (one with a smaller radius) is always higher than the vapor pressure
over a flatter interface of the same substance [Seinfeld and Pandis, 2006]. This is known
as the Kelvin effect.
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3.2 Köhler Theory

Atmospheric aerosols are capable of becoming CCN depending on their
hygroscopicity, or willingness to take on water. In simplified models, hygroscopicity is
dependent on particle curvature and the solute concentration in a particle as it takes on
water. This is illustrated in Figure 3-1, which shows representative Köhler curves for
particles.

Figure 3-1. Köhler curves. The red lines show the equilibrium relative humidity with its
corresponding particle size (a saturation ratio of 1 is equal to 100% relative humidity). [Selected
Figures for meteo 437]
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For particles of all solute concentrations, an increase in relative humidity results in a
larger droplet. For sufficiently dilute particles, a maximum saturation ratio can be found
on the Köhler curve. This corresponds to a transition point between stable and unstable
equilibria on the Köhler curve. Before the maximum, an increase in ambient relative
humidity corresponds to a controlled increase in particle size. At the maximum, any
further increase in supersaturation results in particle growth and a decrease in the
particle’s equilibrium relative humidity. The particle continues to grow infinitely after
this point until the ambient relative humidity decreases back to 100% [Seinfeld and
Pandis, 2006]. In this unstable region, the particle is considered a CCN.
Köhler theory quantifies two effects that influence the vapor pressure over an
aqueous solution droplet- the Kelvin effect and the solute effect (Raoult’s Law). As
mentioned above, the Kelvin effect is when vapor pressure decreases as the radius of a
particle increases. The solute effect is when vapor pressure decreases as the concentration
of solute in a particle increases. The Köhler equations are expressed as:
𝑝𝑤 (𝐷𝑝 )

ln (

𝑝𝑜

𝐴

𝐵

) = 𝐷 − 𝐷3
𝑝

𝑝

(3-2)

where
𝐴=

4∗𝑀𝑤 ∗𝜎𝑤

𝐵=

6∗𝑛𝑠 ∗𝑀𝑤

𝑅∗𝑇∗𝜌𝑤

(3-3)

and
𝜋∗𝜌𝑤

(3-4)

In equation 3-2, the A term is the Kelvin term and the B term is the Raoult’s Law term.
pw(Dp) is the vapor pressure of the droplet at a given particle diameter, po is the vapor
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pressure of water over pure water, Dp is particle diameter, Mw is the molecular weight of
the solute, σw is the surface tension of the droplet, R is the ideal constant, T is
temperature, ns is the moles of solute, and ρw is the density of the droplet [Seinfeld and
Pandis, 2006].
Recent research in particle activation has used different forms of the Köhler
equations. Petters and Kreidenweis [2007] have developed κ-Köhler theory, which rearranges the Köhler equations so that there is a single hygroscopicity parameter, κ. In this
form, the surface tension of the droplet is assumed to be that of water [Petters and
Kreidenweis, 2007]. Köhler Theory Analysis has also been developed [Padró et al, 2007],
which can be used to infer the surface tension of a particle given experimental critical
supersaturation data and critical supersaturation data predicted using Köhler theory
[Engelhart et al., 2008].

3.3 Atomic Force Microscope Calibration- Deflection Sensitivity and Spring

Constant Determination

The atomic force microscope was used in this experiment to measure the force
that a sample liquid exerted on the AFM’s tip. However, the AFM only directly measures
tip deflection. To obtain usable force data, the tip deflection had to be calibrated and a
spring constant for the tip had to be found. Tip deflection data was multiplied by the
spring constant in order to obtain a force curve.
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Tip deflection was calibrated by obtaining a force curve of a hard surface. This is
shown below, in Figure 3-2.

Figure 3-2. Example force curve taken of hard surface. The x-axis represents how far the sample
has moved towards or away from the tip and the y-axis represents the deflection reading from the
AFM’s photodetector. The blue line represents the tip as the surface is pushed into it; the red line
represents the tip as the sample is pulled away.

In Figure 3-2, the tip begins approximately 140 nm above the hard surface, on the far left
of the figure. At the point where the blue line changes slope (around 140 nm), it has hit
the surface. The tip is pushed into the surface and then retracts along the same path. The
slope of the line as the tip is pushed into the surface correlates the actual distance the tip
is pushed into the surface to the amount of deflection detected. This number, called the
deflection sensitivity, is used to scale all future deflection data obtained by the AFM
using that tip.
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The spring constant of the tip’s cantilever was found using a thermal tune. This
method requires the deflection sensitivity and ambient air temperature as inputs, and
measures the cantilever’s response to thermal noise in order to calculate the cantilever
spring constant [Serry, 2010]. A module in the AFM’s software was used to perform
these measurements and calculations.
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4. Materials
A schematic showing the experimental setup used to generate, analyze, and
collect particles is shown below in Figure 4-1

Figure 4-1. Schematic of experimental setup

All of the components of this system are described in greater detail below.
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4.1 Aerosol Generation

4.1.1 Air Filter
Air used for particle generation experiments was filtered and de-humidified using the
Model 3074B TSI filtered air supply, as shown in Figure 4-2.

Figure 4-2. Model 3074B, TSI filtered air supply [AEROSOL GENERATORS &
DISPERSERS]

This instrument is composed of two pre-filters to remove liquid droplets and large
particulates, a membrane dryer to dehumidify the air, and an activated carbon filter to
remove oil vapors and residual particles.
4.1.2 Bubbler
A bubbler apparatus was assembled in order to re-humidify air as necessary for
certain particle generation experiments. It is shown in Figure 4-3
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Figure 4-3. Bubbler apparatus used to humidify the smog chamber

The apparatus was assembled using a fritted glass bubbler, a glass container for holding
ultrapure water, tubing, and a 2-holed rubber stopper. During operation, the fritted glass
bubbler was submerged at least 3 inches below the water level, and the rubber stopper
and tubes were assembled such that the water chamber was airtight. Inlet air to the
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bubbler was provided from the air filter (discussed above); outlet air was sent through a
HEPA filter before entering the smog chamber.
4.1.3 Smog Chamber
The smog chamber is a 1 m3 teflon bag that served as an inert reaction chamber
where atmospheric aerosols formed. It is shown in Figure 4-4.

Figure 4-4. Picture of the smog chamber

Before any experiments, the chamber was flushed to remove any residual vapors
or particles. For experiments conducted in dry conditions, clean air was supplied directly
from the air filter. For experiments conducted in wet conditions, clean air was supplied
from the bubbler apparatus. The chamber was run under positive pressure; the outlet air
stream from the chamber was diverted to the relative humidity meter, scanning mobility
particle sizer, or cascade impactor (discussed below).
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4.1.4 Ozone Generator and VOC Introduction
The aerosols generated in this experiment were produced by reacting ozone with
α-pinene, a common volatile organic compound (VOC). In this process, the ozone was
generated using a Poseidon Ozone Generator from Ozotech, as shown in Figure 4-5.

Figure 4-5. Poseidon Ozone Generator from Ozotech [Poseidon Series]

When in use, clean air was sent through the ozone generator. The ozone generator
uses a corona discharge generator to produce an electrical arc in the air stream, which
causes the following reaction to occur:
3𝑂2 ↔ 2𝑂3

20
The outlet stream from the generator was diverted through a HEPA filter (to collect any
contaminants formed in the ozone generator) before being sent to the smog chamber.
Alpha-pinene was used in this experiment as the aerosol precursor. It is illustrated
in Figure 4-6.

Figure 4-6. Alpha pinene structure [α-pinene, 2014]

Alpha-pinene is a naturally-occurring monoterpene that is emitted by evergreen trees.
When it is exposed to ozone in the atmosphere, the double bond undergoes oxidative
cleavage. The oxidation of the α-pinene results in products that have a lower vapor
pressure; these products rapidly nucleate and form liquid particles. This reaction was
carried out in the lab in the smog chamber.
Volatile organic compounds were introduced to the smog chamber using Model
7105 Hamilton Microliter syringes, shown in Figure 4-7.
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Figure 4-7. Model 7105 Hamilton Microliter syringes [Modified Microliter 7000 Series
Syringes]

The liquid α-pinene was injected directly into the clean (and dry) air stream at an
injection bulb that was positioned over a hot plate. The injection bulb consisted of a glass
round-bottomed flask with a large neck that was capped by a two-holed rubber stopper.
Inlet and outlet air streams were routed through the holes in the stopper. During
experiments, the hot plate was turned on low to mildly heat the air traveling through the
glass bulb. Alpha-pinene was injected by cracking the rubber stopper slightly such that
the needle of the syringe could fit past it. After injection, the needle was immediately
removed and the bulb was re-sealed. The heated air vaporized the α-pinene, which was
carried with the air stream into the smog chamber.

22
4.2 Aerosol Classification and Collection

4.2.1 Scanning Mobility Particle Sizer
The scanning mobility particle sizer (SMPS) sampled from the smog chamber
during experiments and gathered size distribution data about the particles in the chamber.
It is pictured in Figure 4-8.

Figure 4-8. Schematic of SMPS
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The SMPS is composed of two distinct instruments: the 3080 TSI Electrostatic Classifier
and the 3775 TSI Condensation Particle Counter. The Electrostatic Classifier utilizes a
differential mobility analyzer (DMA) to select particles based on size. In this instrument,
particles are introduced into the top of a long column that contains a negatively-charged
electrode in the center. The particles enter on the inside edge of the column, and based on
charge are attracted or repelled by the electrode (FE in the diagram). The particles that are
attracted to the electrode are subjected to increased drag forces (FD in the diagram) from a
sheath flow of air that is maintained around the electrode. At the bottom of the column in
the center is a gap where some particles leave. Only particles of a certain electrical
mobility/ charge ratio are able to escape through the gap; all others are flushed out in
another air stream. The instrument is intended to output a stream of monodisperse
particles of a +1 charge. By adjusting the voltage of the electrode in the column, the size
of the leaving particles can be adjusted.
The second instrument in the SMPS is the Condensation Particle Counter, or
CPC. Particles enter the CPC and are exposed to vaporized 1-butanol. The mixture is then
cooled until the butanol is supersaturated. The butanol condenses on the particles, which
causes them to grow in size. The enlarged particles then pass through a photodetector that
counts them based on the light they scatter.
In the SMPS, the DMA and CPC are placed in series. By scanning along a range
of particle sizes on the DMA, size distribution data was generated for the particles that
were generated in the smog chamber.
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4.2.2 Impactor
Air from the smog chamber was also pulled through a PIXE cascade impactor in
order to collect the particles. This is shown in Figure 4-9.

Figure 4-9. PIXE cascade impactor schematic [PIXE Cascade Impactors]

Air enters the impactor at the top and is funneled through a small orifice. A short
distance from the end of the orifice is a flat, steel collection puck that is oriented
perpendicular to flow. Particles with sufficient momentum continue straight into the puck
and, based on their phase and other properties, generally stick to it. Smaller particles and
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the air flow around it. The PIXE impactor was used with only stage L2 at a flowrate that
resulted in an aerodynamic cutoff diameter of 40 nm. This means that 50% of 40 nm
particles were impacted, and a majority of all larger particles were also impacted.
After sufficient collection time, the collected oxidized α-pinene particles formed a
thin liquid film on the collection puck. This was the specimen that was analyzed with the
AFM.

4.3 Liquid Droplet Surface Tension Determination

4.2.1 Atomic Force Microscopy
In this project, a Veeco Multimode V atomic force microscope (AFM) was used.
A schematic of an AFM is shown in Figure 4-10.

Figure 4-10. AFM schematic [Veeco]
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Atomic force microscopy is typically used to image particles on the nanoscale. In an
imaging mode, a tip with a very fine point at the end scans across the surface of the
substrate being imaged. When the tip rides over contours on the substrate, the cantilever
it is mounted on deflects. A laser beam is focused on the end of the cantilever and is
reflected onto a photodetector. Deflections in the cantilever are registered as laser
movements on the photodetector. Deflection vs. location data are then put together to
form a three-dimensional image of the substrate.
This project used the AFM in force mode. The instrument operates similarly in
this mode, except that the tip was not scanned across the surface as in imaging mode.
Instead, the tip was pressed into and out of the sample film, and tip deflection was
monitored. The spring constant of the cantilever was measured in a separate experiment,
so tip deflection data could be converted to force data (see section 5.1.3). This force data
was used to calculate the surface tension of the liquid.
4.3.2 AFM Tips
The tips used in this experiment were model HAR-NP by Nagua Needles. The
needles were specifically designed for obtaining force curves in liquid droplets. They are
pictured in Figure 4-11.
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Figure 4-11. HAR-NP tips by Nagua Needles. The image on the left shows the entire needle, the
image on the right show the tip of the needle [Nagua Needles]

The tips were made by dipping pyramidal-tipped contact AFM tips into a droplet of
Ag2Ga. The straight needle results when the tip is pulled from the drop [Yazdanpanah et
al., 2008]. This particular geometry is necessary in order to obtain usable force data using
the AFM. The needle is approximated as a cylinder whose wetted perimeter was found
using two standard liquids.
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4.4 Instruments used for Method Verification

The relative humidity of the smog chamber was monitored using a Vaisala HMT
330 Series Humidity and Temperature Transmitter. This unit utilized two probes to
measure the humidity and temperature of an airstream.
A Sigma 703D Wilhelmy plate was used to measure the surface tensions of the
standard liquids that were used in this project. Figure 2-2 illustrates the use of a
Wilhelmy plate. The plate used was made of platinum.
A JEOL JSM-6390LV scanning electron microscope (SEM) was used to image
the AFM tips. It is pictured in Figure 4-12, below.

Figure 4-12. The SEM used to image AFM tips
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The SEM operates by bombarding a sample with electrons and detecting how many
reflect back into a detector. It effectively showed the structure of the tip, to a
magnification of around x10,000. Images taken using the SEM were used to determine if
there was damage to the tips’ needles or cantilevers.
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5. Methods and Results
This section summarizes the method developed in this project with corresponding
results. For a complete description of all of the methods, see the Appendix.

5.1 Calibration and Verification of Instruments

5.1.1 Surface Tension Determination of Standard Liquids
Several liquid standards were required to verify the micro-Wilhelmy plate method
developed in this project. A Wilhelmy plate was used to measure the surface tensions of
α-pinene (97% pure, Acros Organics), oleic acid (90% pure, Sigma-Aldrich), and ultrapure water.
The Wilhelmy plate apparatus consisted of a glass dish and the plate connected to
a sensitive balance. The balance was calibrated with a weight that was provided by the
manufacturer. Both the plate and glass dish had to be vigorously cleaned before
measurements could be taken, and between measurements. Standard operating
procedures were followed to obtain the surface tension measurements of the different
liquids. Results of these measurements are provided below, in Table 5-1. Temperature
data was collected using a separate thermometer.
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Table 5-1. Surface tension of bulk liquids used for standardization, measured by the Wilhelmy
plate. Averages reported as “average +/- standard error.” Oleic acid literature value from
Chumpitaz et al., 1999; α-pinene literature value from Daisey and Hopke, 1993; water literature
value from Huff Hartz et al., 2005.

Component
Oleic acid

α-pinene

Water

Trial

Ambient
Temperature
(° C)
23.9
23.9

1
2
Average
Literature

Surface tension
(dyn/cm)
29.47
29.53
29.50 +/- 0.03
32.79

1
2
Average
Literature

25.75
25.36
25.56 +/- 0.20
26.0

23.9
23.9

1
2
Average
Literature

70.02
72.22
71.12 +/- 1.10
72.5

23.9
23.9

20.0

25.0

22.0

The surface tension values obtained from the Wilhelmy plate were very close to
corresponding literature values, with the exception of oleic acid. Because the oleic acid
used in this experiment wasn’t pure, it had a slightly lower surface tension than what is
reported in literature. This is not a concern for the purposes of this experiment; the same
impure oleic acid and its measured surface tension were used for calibration of the AFM.
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5.1.2 SEM Images of AFM Tips
Due to the fragile nature of the AFM tips, their integrity had to be checked often.
The important part of the tips (cantilevers and needles) cannot be seen with the naked
eye, so they were checked using scanning electron microscopy.
The tips were imaged on carbon tape placed on a steel sample puck. The needle
was oriented upwards. The SEM was run on the high vacuum setting; the power setting to
the instrument was set to 5 kV and the spotsize was set to 51. The stage the tips were
imaged on was adjusted to a 30 degree angle to improve the visibility of the needle.
Under these conditions, the tip was imaged under different magnifications. First, the
entire cantilever was examined. Frequently, tips would fail due to a weakening of the
cantilever. These often appeared under SEM as hairline cracks perpendicular to the
length of the cantilever. If the cantilever was determined to be intact, the needle was
examined under higher magnification. The presence of the needle was easy to determine
under SEM: typically needles failed at the point where they joined the tip. They would
simply snap off at that point and a needle would be absent. In other cases, needles were
severely bent and were no longer usable. Figures 5-1 to 5-5 show different SEM images
of the tips.
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Figure 5-1. SEM image of a tip with both intact cantilever and intact needle

Figure 5-2. SEM image of an intact needle

34

Figure 5-3. SEM image of a fatigued cantilever

Figure 5-4. SEM image of a severely bent needle
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Figure 5-5. SEM image of cantilever with needle that was snapped off

5.1.3 Deflection Sensitivity, Spring Constant, and Wetted Perimeter of the AFM Tip
The process for determining the deflection sensitivity, spring constant, and wetted
perimeter of the AFM tips required the tip itself, the AFM (with the attached optical
microscope), a monocular, a steel puck, the standard fluids, and isopropanol (99.8%
residue free, Acros Organics) as a solvent for cleaning. First, the tip and puck were
cleaned. Then, the steel puck was placed in the AFM and the tip was loaded into the
AFM above the puck. The optical microscope, which viewed the tip in the AFM from
above, was used to align the laser onto the end of the cantilever. Then, the puck was
brought up to the tip using the step motor; the distance between the tip and the substrate
was monitored using the monocular. When the tip was close to touching the puck, the

36
substrate was very slowly stepped towards the tip the rest of the distance. This was done
using the AFM’s computer interface. A force curve was taken, and if no force was
exerted on the tip (the force curve was a flat line), then the puck was moved slightly
closer to the tip. This was repeated until a force curve was found of the hard surface. A
typical force curve of a hard surface is shown in Figure 3-2. The computer software then
calculated the deflection sensitivity based on the slope of the force curve of the hard
surface.
The spring constant was found immediately after the deflection sensitivity was
determined. The tip was retracted far from the surface. Given the deflection sensitivity
and the ambient temperature (measured with an external thermometer), the AFM’s
software would perform a thermal tune, fit the resulting data, and calculate the spring
constant.
Though there were SEM images of the tip, they were of insufficient resolution to
use for calculating the wetted perimeter of the needle. It was decided that a more accurate
method would be to back-calculate the wetted perimeter using force data and the known
surface tension of a standard liquid. In order to calculate the wetted perimeter of the tip, a
force curve was taken of a droplet of a liquid standard. Oleic acid and α-pinene were
primarily used as standards because their surface tensions were close to that of collected
particle samples. Immediately after the spring constant of the tip was determined, the tip
was removed from the AFM. A droplet of a standard was placed on the puck, and the tip
was replaced into the AFM. The substrate with the droplet on it was brought up to the tip;
the monocular was used to ensure that the tip did not quite touch the surface of the
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droplet. At this point, the substrate was slowly stepped towards the tip using the AFM’s
computer interface. This was done in the same manner that was used to find the surface
of the puck. A force curve of a liquid standard is shown in Figure 5-6:

Figure 5-6. A typical force curve obtained for oleic acid. The blue line indicates the tip and
sample approaching each other and the red line indicates the tip and sample moving away from
each other. At point 1, the tip is approximately 1 micron from the surface of the liquid sample. At
point 2, the tip is just above the surface of the liquid. At point 3, the tip has touched the liquid,
which wicks up the needle and exerts a downward force. At point 4, the tip begins to pull out of
the liquid. At point 5, the liquid is just about to break from the end of the tip, and the contact
angle of the liquid-needle interface approaches zero. At point 6, the tip has pulled out of the
liquid sample. The tip retracts back to point 1.
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In Fig. 5-6, the curve in blue illustrates the force exerted on the tip as the tip approaches
and touches the sample surface. The curve in red illustrates the force exerted on the tip as
it is pulled from the sample. When the tip is submerged in the sample, it is assumed that
the only force acting on the tip is due to the surface tension of the liquid sample. When
this is the case, equation 5-1 holds:

𝐹𝑡𝑖𝑝 = 𝜎 ∗ 𝐿 ∗ cos(𝜃)

(5-1)

where Ftip is the force acting on the tip, σ is the surface tension of the sample, L is the
wetted perimeter of the tip, and θ is the contact angle between the fluid and the tip.
Because the tips used have a cylindrical geometry, the wetted perimeter is
constant during all force measurements. This can be seen by the near-constant negative
force exerted on the tip when it is initially retracting out of the sample. The increase in
the downward force before the needle is completely pulled from the sample is attributed
to a decrease in the contact angle. It is assumed that, at the point the sample breaks away
from the needle, the contact angle is zero. When this angle is zero and the needle is
smaller than the capillary length [Uddin et al., 2011], equation 5-2 holds:

𝜎=

𝐹𝑡𝑖𝑝
𝐿

(5-2)
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For this project, equation 5-2 was used, where Ftip was the force reading at the point the
tip broke from the sample. This corresponds to point 5 in Figure 5-6. Because the surface
tension of the standard was known from Wilhelmy plate experiments, the force curve
could be used to calculate the wetted perimeter of the tip. In order to check the validity of
this process, it was repeated at least once with a second liquid standard. Both standards
yielded a wetted perimeter that was within 3% of each other when they were tested on the
same tip (tip 6). Force data used for calibrations of different tips is presented in Table 52.

Table 5-2. The calculated wetted perimeters for the tips used in this experiment, given the
standard liquid surface tensions from Wilhelmy plate experiments, force readings from the AFM,
and equation 5-2. Averages reported as “average +/- standard error.”

tip #

Standard

6

Oleic Acid

Pure αpinene

1

Pure αpinene

Surface
Tension
(dyn/cm)
29.5

Calculated Wetted
Perimeter, L
(nm)

Average:

Max. force on tip
(nN)
11.0
10.9
10.8
10.9 +/- 0.06

Average:

9.6
9.6
9.8
9.67 +/- 0.07

378.3 +/- 2.6

Average:

12.7
12.5
12.6
12.6 +/- 0.06

493.13 +/- 2.25

25.55

25.55

369.8 +/- 2.23
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5.2 Determining the Surface Tension of Oxidized α-pinene Particles

5.2.1 Particle Generation and Collection
The goal of this work was to develop a procedure for generating, collecting, and
then measuring the surface tension of liquid aerosols. These aerosols were generated and
collected with the experimental setup pictured in Figure 4-1. Particles were created in
either “wet” or “dry” conditions. For experiments that generated particles in dry
conditions, the smog chamber was initially flushed with dry air for several hours. The
relative humidity at the start of the experiment was less than 5%. For experiments that
generated particles in wet conditions, the smog chamber was initially flushed with wet
air. The relative humidity of the chamber at the start of these experiments was 65%. The
SMPS was used for both conditions to monitor the initial particle counts in the chamber.
The SMPS sample flowrate was 0.3 LPM and the sheath flowrate used on the Differential
Mobility Analyzer (DMA) was 3 LPM. These settings allowed for collection of particle
size distribution data over the range of 15 to 660 nm. The low sampling flowrate ensured
that the smog chamber operated under positive pressure. Once the particle counts were
below 100 particles per cubic centimeter (#/cc), particles could be generated. The
following procedure was followed for the generation of both “wet” and “dry” particles.
Dry air was sent into the chamber at a rate of 2 LPM. Ozone was then added to
the smog chamber. If particle counts in the smog chamber remained low after about five
minutes, indicating a chamber free of oxidizible volatile organic compounds, 5 μL of
liquid α-pinene was then injected into a sample port, where it was vaporized and carried
into the smog chamber. Ozone and α-pinene were added in a roughly 1:1 molar ratio; the

41
high starting concentrations were necessary so that an adequate particle volume would
form for collection later. The resulting oxidized α-pinene particles were allowed to age in
the chamber for 90 minutes.
During the aging process, particle size distribution data was collected with the
SMPS. The size of the oxidized α-pinene particles followed a log-normal distribution
whose center shifted to larger sizes over time. In the period where particles aged, the
modal diameter increased from around 120 to 200 nm. The most significant changes in
particle size distribution occurred in the first hour after the α-pinene was introduced to
the smog chamber. Particles were left to age for 90 minutes in order to minimize changes
in particle size distribution during collection.
After the particles had aged sufficiently, the outlet of the chamber was switched to
the inlet of the cascade impactor. The second smallest stage (L2) was used to collect the
particles on a cleaned steel disk. After 90 minutes a visible particle film had collected on
the disk. Immediately after collection, the sample disk was analyzed using atomic force
microscopy (AFM).
5.2.2 Measuring the Surface Tension of Collected Particles Using AFM
The same method used to calibrate the AFM (see section 5.1.3) was used to
measure the surface tension of the oxidized particles. The tip was initially cleaned with
isopropanol. The sample was then loaded into the AFM, followed by the tip. The sample
was moved towards the tip, and then force curves were taken as the sample was stepped
the rest of the way to the tip. Force curves of collected α-pinene particles did not always
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resemble those of the standards. The film of oxidized α-pinene particles sometimes
behaved visco-elastically, as shown in Figure 5-7.

Figure 5-7. Force curve taken of oxidized α-pinene particles at a fast rate. The force changes are
not as abrupt as expected, indicating that other forces are likely acting on the tip.

The shape of the force curve in Figure 5-7 demonstrates that certain compounds may
exert other forces on the needle not related to surface tension. It has been postulated
[Engelhart et al., 2008] that oxidized α-pinene products form oligomers when aged.
Therefore, it was reasonable to see that my samples of oxidized α-pinene particles acted
visco-elastically. When I slowed down the speed at which the force curve was taken, the
film’s visco-elastic effects were drastically reduced, as shown in Figure 5-8:
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Figure 5-8. Force curve of the same α-pinene particles as in Fig. 5-7, but taken at a much slower
rate. This better resembles the force curve taken of the liquid standards. The other forces acting
on the tip in Fig. 5-7 have been eliminated by the slower scan rate, suggesting that the forces in
Fig. 5-7 were visco-elastic.

Equation 5-2 was used to determine the surface tension, given the force at the point the
sample broke from the end of the tip and the tip’s calibrated wetted perimeter. Data for
oxidized α-pinene particles formed in wet and dry conditions are given in Table 5-3,
below.
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Table 5-3. Surface tension calculations for oxidized α-pinene particles generated at different
relative humidities. Averages reported as “average +/- standard error.”
Relative Humidity
of chamber
(% RH)
Dry: <10

Wet: 67

Wetted
Tip used for
perimeter
measurement
of tip
(nm)
6
374

1

Average:

Maximum
force exerted
on tip
(nN)
10.0
10.2
10.1
11.3
10.4
10.4 +/- 0.23

26.8 +/- 0.63

Average:

21.4
21.2
20.6
22.8
23.4
21.9 +/- 0.52

44.4 +/- 1.06

493

Surface
tension
(dyn/cm)

The mean surface tension of “dry“ oxidized α-pinene particles was found to be
26.8 dyn cm-1 at 23 degrees C, with a standard error of 0.63 dyn cm-1. This is remarkably
close to the surface tension of pure α-pinene as reported in the literature [Daisey and
Hopke, 1993] and measured with our Wilhelmy plate. The mean surface tension of “wet“
oxidized α-pinene particles was found to be 44.4 dyn cm-1 at 23 degrees C, with a
standard error of 1.06 dyn cm-1.
Table 5-4 presents all of the α-pinene surface tension measurements performed in
this experiment, compared with published estimates for the surface tension of activating
α-pinene particles [Engelhart et al., 2008; Huff Hartz et al., 2005; Prenni et al., 2007].

45
Table 5-4. Measured and approximated surface tensions of α-pinene particles. Bulk α-pinene and
dry, oxidized α-pinene particles have a similar surface tension. Wet α-pinene particles have a
higher surface tension.
RH at particle
creation
(%)
n/a

Surface tension
(dyn/cm)
25.6

<10

26.8

Oxidized α-pinene particles
This experiment; AFM measurements

67

44.4

Oxidized α-pinene particles
This experiment; AFM measurements

100
(Activation)

61.7

Oxidized α-pinene particles, assume depressed
surface tension of pure water
Engelhart et al., 2008

100
(Activation)

72.5

Oxidized α-pinene particles, assume surface
tension of pure water
Huff Hartz et al., 2005; Prenni et al., 2007

Description,
Source
Pure α-pinene, bulk
This experiment; Wilhelmy plate

Our results suggest that the surface tension of dry oxidized particles may not be very
different from the surface tension of their constituent compounds before they were
oxidized. Even though it is believed that the oxidized α-pinene oligomerizes, this seems
to have little effect on surface tension. It is also apparent that the surface tension of
oxidized α-pinene particles formed in more humid conditions had a significantly higher
surface tension than oxidized α-pinene particles formed in dry conditions.
These results support the reasoning behind the current estimates for surface
tension of activating α-pinene particles. It is generally believed that the surface tension of
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an activating particle is slightly lower than that of pure water, at 61.7 dyn cm-1 [Engelhart
et al., 2008]. In this work, we have produced data that suggest that the surface tension of
oxidized α-pinene particles is positively correlated to the relative humidity of the air the
particles are formed in. If the water content in the generated particles is assumed to be
positively correlated to the relative humidity of the air the particles are formed in, then
particle surface tension can be described as a function of water content. At zero water
content, the surface tension of an oxidized particle is similar to that of its constituent
compound. As water content increases, surface tension increases from the dry particle
surface tension and approaches that of water. At very high water content, such as at
activation, it is reasonable to believe that the surface tension is only slightly lower than
the surface tension of water.
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6. Summary and Conclusions
A method was developed to measure the surface tension of collected liquid
aerosol particles using atomic force microscopy. Particles are impacted on a clean surface
until a film is formed, then probed with a clean tip in an atomic force microscope. This
method minimizes processing of the particles and therefore reduces the risk of sample
contamination. The method was verified and calibrated using standard liquids whose
surface tensions were in the range of the sample specimens. The reference liquid surface
tensions were checked with a Wilhelmy plate.
Relatively dry, oxidized α-pinene particles were found to have a surface tension
similar to that of pure liquid α-pinene. Oxidized α-pinene particles with higher moisture
content were found to have a surface tension significantly higher than that of pure αpinene, but lower than current assumptions for the surface tension of activating oxidized
α-pinene particles. These preliminary results suggest that the surface tension of a particle
is a function of water content; it approaches the surface tension of the constituent
compound at zero water content and the surface tension of pure water at infinite dilution.
This is congruent with current estimates of surface tension for activating particles. With
simple modifications to the particle generation technique, this method can be used to
experimentally measure the surface tension of particles at activation.
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Appendix
AFM instructions for calibration and obtaining force data for a liquid sample

This procedure is written for the Veeco Multimode V atomic force microscope (known as
Gomez) located in Rooke Chemistry Building Room #19. The tips that were used were
purchased from Nauga Needle (model HAR-NP); more can be learned about them from
the article “Micro-Wilhelmy and Related Liquid Property Measurements Using ConstantDiameter Nanoneedle-Tipped Atomic Force Microscope Probes,” found in the journal
Langmuir. The needles are loaded into a standard dry cell. The substrate will typically
be a cleaned steel puck. A very small amount of liquid is able to be loaded or collected
onto the puck. In addition, an optical microscope and “monocular” are provided with the
instrument and are very useful.

A note about AFM conventions: AFMs were originally designed with moving tips, so
most literature is written (and our Multimode V was designed) with that convention in
mind. The unfortunate thing is that, on the Multimode, the tip is actually stationary. All
of the movement in the AFM is done by piezos that move the sample. When people talk
about “moving the tip down” that actually means moving the stage up. When “the tip
approaches the sample,” the sample is actually approaching the tip. It is useful to be able
to think about this process both with and against this convention. Veeco’s controls are
designed so that you think with the convention... a down switch “moves the tip down” but
actually moves the sample stage up towards the tip. However, any inferences you draw
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by adjusting the “tip height” is in fact a result of the stage moving. In this experiment,
the only tip movement is deflection caused by the sample exerting some force on it. It’s a
subtle difference, but it is very important. Unfortunately, this backwards convention
makes communication about the relative movement of the tip to the substrate extremely
difficult.

The following are the steps used to obtain a force curve of a droplet of liquid using this
AFM.

1. First, turn on the AFM.
a. Turn on the actual computer, located under the table. You may have to
toggle the rocker switch in the back before the button in the front turns it
on.
b. When given two options of how to turn on the computer, select the one
currently scrolled over by hitting enter. “Microsoft Windows XP
Professional 3GB”.
c. Hit Ctl-Alt-Dlt when it asks you to.
d. Log in as “nanoscope” with no password.
e. Close any warnings or anything about computer security that pop up on
the desktop initially. The computer isn’t networked and is in no danger.
f. Double-click on the desktop icon “v720”
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g. Turn on the optical microscope monitor as well as the light for the optical
microscope. These are located to the left of Gomez. Use the lowest light
setting for the optical microscope (it’s a dial, turn it so it’s barely on)
h. Turn on the AFM brains (technically the NanoScope V box). This box is
located between the twin monitors for the computer and Gomez. You’re
looking for a rocker switch on the back left of the box.
i. IMMEDIATELY hit the yellow button on the top left of the Nanoscope
program displayed on the computer monitors. The button is right below
“file” and says “Real Time” when scrolled over. Quickly pick “Use
original default parameter values”.
i.

You must do this within 20 or 30 seconds otherwise a physical
component in the microscope brains will fry. This is the most
expensive mistake you can make with the AFM.

j. Close out all of the windows that automatically pop up. You will not be
using these. Hit “File”, then pick “Hritz Contact Mode.wks” towards the
bottom. Don’t “Save changes to Untitled”.
k. On the left-hand side of the screen, there’s a bar with the different modes
that you can run under Hritz Contact Mode. Click on “Scan”
i.

Scan is an imaging mode. You must approach tips in this mode.

ii.

Ramp is a force mode. This is where you obtain force data.

2. Insert tip and hard, flat substrate.
a. First, insert the dry substrate.
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i.

Obtain a flat metal puck and a set of tweezers. The puck must be
able to fit on the magnetic stage in Gomez (~ ½” in diameter)

ii.

Use the tweezers to place the disk on the stage.

iii.

Adjust the stage height so that a tip will not drive into the puck
when the tip is loaded.
1. You’ll get a feeling for how high this is. To start, adjust
the stage height so that the puck is flush with the
surrounding parts of the stage.
2. To adjust the height, use the rocker switch below the stage,
to the right.
a. The labels on this switch are not immediately
logical. They are labeled in reference to the tip,
even though it actually moves the stage and you
have not yet loaded the tip. To move the stage
down, pull the switch back (labeled “up). To move
the stage up, push the switch forward (labeled
“down).

b. Second, load the tip into the dry cell.
i.

Obtain the dry cell, box of tips, and favorite set of tweezers.

ii.

Orient the dry cell so that it is upside-down and set it on a table.
There is a button that moves a brass clasp that will ultimately hold
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the tip in place. That button should be on the table so that if you
press down on the dry cell, the clasp opens.
iii.

Open the box of tips, carefully pick up the desired tip with the
tweezers. You will see a fine line on one end of the tip, going
down the center and sticking off the end a little (it’s very small).
You want to grab this end with the tweezers.
1. The tip is currently facing up, with the needle of the tip
pointing up at you. You will break the tip if you touch the
fine line mentioned in the above step; it is the cantilever
and is where all of the action on the tip takes place. It is
also very fragile.
2. When you grab with the tweezers, you want to hold the
EDGES of the chip, and you want to keep it oriented as you
find it in the box. That is, pointing up. The wafer you’re
picking up is very thin, so tweezers with wider blades can
help keep the tip from flipping sideways.
3. Practice on cheap or broken tips first!

iv.

Press down on the dry cell to open the clasp, and insert the tip into
the slot. It should be centered within a groove in the dry cell.
Once it is in position, let the clasp close. The tip should be
oriented so that the cantilever is over space in the middle of the dry
cell, with the needle still pointed up.
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c. Finally, place the dry cell in the AFM. Note that the dry cell to this point
has been upside-down, so you will have to invert it. Insert it so that the
rubber stick you hold the stage with is on the right. The dry cell should
naturally nest into place on three ball bearings placed around the stage.
i.

These ball bearings are supposed to be glued into place, but are
often dislodged. Be sure that there are THREE ball bearings
evenly spaced around the stage. Be sure not to lose any of them
at any point during AFM operation.

d. There are many adjustment knobs sticking out of the AFM stage. Find the
one that is in the center-back, and tighten it. This will lower a fixture
within the stage that holds the dry cell in place.
3. Rough approach of the tip to the hard substrate and focusing the laser on the tip.
a. Focus the optical microscope on the hard substrate. Then zoom the
microscope out. At some point you should see the cantilever (a dark,
narrow, arrow-looking thing pointing from the right side of the screen) go
in and out of focus.
i.

If you can’t find the cantilever, adjust the focus and position of the
optical microscope until you see it (there are adjustment knobs).

b. Focus the optical microscope back on the hard substrate below the
cantilever.
c. Move the tip closer to the stage. You’re moving the “tip down” even
though the stage is actually coming up… toggle the switch forward
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(down). Do this until the tip begins to come back into focus on the optical
microscope monitor. It should appear as two tips coming close to
convergence. When there is a very small gap between these two tip
images, stop.
d. Feel free to use the monocular to look in from the side of the stage. This
takes a bit of practice to focus well, but once it’s focused it gives you a
very good idea of where the cantilever is relative to the substrate.
e. Check to see that Gomez is in contact (not tapping or some other) mode.
Below the stage is a display with a bunch of numbers, and above that is a
colored light. It should be red. If it’s not, adjust the rocker switch below
the stage on the left side (it’s above the light). It should be in the middle
setting, “AFM & LFM”. Once in this mode, the display on Gomez should
have three boxes with numbers, labeled “Vert”, “Horz”, and “Sum”.
f. Look into the stage and locate the laser. Ideally, this will be bouncing off
of the cantilever (what you just focused on with the optical microscope)
and into a photodetector. When this is the case, you don’t see much of a
laser on the substrate below the tip. If you do see a full laser dot on the
substrate, it will have to be moved.
g. There are many adjustments you can use to set the laser where it needs to
be:
i.

Just below the lens of the optical microscope, on the top of the
stage to the right, is a knob. This controls “x-ish” movement of the
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laser. The coordinate system isn’t lined up with the tip… but it
generally moves along the length of the tip. This control moves
the physical laser beam, and is a primary setting you’ll probably
want to change.
ii.

Just below the lens of the optical microscope, on the top of the
stage on the back side, is a knob. This controls “y-ish” movement
of the laser. This also controls the physical laser beam and is
another primary setting you’ll change.

iii.

On the back side of the stage is a long switch that pivots. This
adjusts a mirror. You may need to adjust this to focus the laser
beam on the photodetector once it’s on the cantilever.

iv.

On the top of the stage is a single all-metal knob. This adjusts the
photodetector in the “vert” direction.

v.

On the back of the stage is another knob (on the left side). This
adjusts the photodetector in the “horz” direction.

h. The goal is to maximize the sum value (aim for 6... but sometimes you
only get up to 4) and bring the “vert” and “horz” values as close to 0 as
possible. When this happens, the laser should be on the end of the
cantilever and reflecting into the very center of the photodetector. This is
an art. Here are some pointers.
i.

Use the adjustments for the physical laser placement first (i and ii
above). Look into the stage and physically track where the laser is,
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and try to get it onto the cantilever. You should also see the laser
tracking on the optical microscope monitor once you’re close.
Monitor the sum signal while you do this. Try to maximize the
sum signal.
1. Note that you can get sum signals if a laser is effectively
reflected off of anything into the photodetector. It’s
possible to get a good looking sum signal off of something
other than the cantilever; however this won’t allow you to
collect meaningful data. You can avoid this by watching
where the laser is and making sure it ends up on the
cantilever, NOT THE LARGER PART OF THE TIP
BEHIND IT (this is a common mistake). If you don’t
avoid this, you will probably have issues approaching the
tip.
ii.

Once you are certain that the laser is on the cantilever and is
creating a bump in the sum signal (ie: it drops off when you move
the laser above, below, and to the side of the cantilever), next
adjust the mirror. You can probably simultaneously maximize the
sum signal and bring the “vert” value close to zero.

iii.

Adjust the photodetector position using the knobs described in
3.d.iv and 3.d.v. These will adjust the “vert” and “horz” values.
You may have to adjust these quite a bit to get any movement of
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these values from 9.99 or -9.99. It is very sensitive once you hit
the region where they change, though. A light touch is needed.
iv.

Finally, check the optical microscope monitor. You should see a
very distinct red glow that envelops the very end of the cantilever.
If you don’t (ie: it’s partly up the shaft, or you don’t see it at all),
you will have problems later because the laser isn’t collecting data
regarding the movement of the end of the tip. Keep trying.

v.

Have patience.

4. False Engage the tip
a. Once you have the laser in the proper position and you have a good sum
signal, you are ready to approach the tip to the surface. However, Veeco’s
software is insufficient and there is no easy way to do this. So you will
trick the software and manually approach the tip to the sample.
b. On the computer, make sure that the Scan Size is set to 0 nm on the ScanSingle window. This should be the default.
c. On the computer, go to the RealTime menu at the top and find “false
engage”. Click it
d. You will hear a beep very shortly after you click “false engage”.
IMMEDIATELY select the ramp mode (under the scan mode that you’re
currently in). Two new windows should appear.
5. Approaching the tip to the surface and getting a force curve of the hard substrate.
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a. Make sure the Ramp Parameter List is open. Click on “Ch1 Ramp Plot”
on the left banner to open the chart where the force curve will be
displayed.
b. The following settings have been found to be relevant; the ones left
unmentioned do not need to be touched. I would suggest reading about
these settings to that you have some idea of what they do... here are
values that I found worked well:
i.

Under “Ramp”...
1. Ramp Output: Z
2. Ramp Size: 1.1 um
a. This is a parameter that will be changed, use 1.1 um
for now
3. Scan rate: 1 Hz
a. Make sure that this is at 1 Hz. Sometimes it likes to
take a pre-set setting of 200 Hz, which means that it
will try to take a force curve in 1/200 of a second...
this is BAD.
4. Number of Samples: 128
5. Plot units: Metric
6. X Rotate: 0

ii.

Under “Mode”
1. Trigger Mode: Relative
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a. This is very important. I’d highly suggest reading
up on the trigger... it’s what keeps your tips from
breaking and proper knowledge of the trigger
function is useful
2. Data Type: Deflection Error
3. Trig threshold: 30 nm
a. This could be changed, but it is not recommended.
It is the amount from a baseline your tip will deflect
before the computer automatically pulls the tip
back.
4. Trig direction: Absolute
5. Start mode: Step
6. End mode: Retracted
7. Auto start: Disable
iii.

Under “Channel 1”
1. Data Type: Deflection Error
2. X Data Type: Ramp
3. Deflection Sensitivity: What we’re trying to find.

c. Hit “Single Ramp”. This is located on the top bar of the program when
you’re in Ramp mode.
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d. See what the graph looks like. Ideally, it is a flat line. If it doesn’t look
like this, then you probably have issues. See the troubleshooting section
for my thoughts on things I’ve seen.
e. You next step is to manually approach the tip the rest of the way to the
surface using the computer interface.
i.

Open the step motor, found in the RealTime menu.

ii.

Set it to 1 um (it will change to 987 nm when you enter 1 um...)

iii.

Set the Ramp size to 1.1 um.
1. When you are stepping the tip towards the substrate
MAKE SURE THAT THE STEP SIZE IS
SIGNIFICANTLY SMALLER THAN THE RAMP
SIZE. This will make sure that you don’t ram the tip into
the substrate while using the step motor and break the tip.

iv.

Alternate stepping the tip down and taking a force curve. If the
force curve is still flat, repeat this step until it isn’t.

f. Eventually, you should see a force curve that resembles Figure 3-2. If you
get something significantly different, stop and think about what could be
happening to the tip. See the troubleshooting section for suggestions.
g. Reduce the ramp size to about 200 nm and take another force curve. It
should have the same curve. If not, step it closer. SET THE STEP
MOTOR TO 150 nm BEFORE DOING THIS!!!
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h. Click to the left of the y-axis of the graph and drag into the chart. A red
dotted line should follow the mouse. Put this some place where there is a
fairly constant upward slope on the graph. Click to the right side of the
graph and pull another line in to the right of the first line.
i.

The sloped part of the line is showing a (hopefully) near-linear
correlation between z-movement of the tip and deflection of the
laser as the tip is being pressed against a hard surface.

ii.

You want the slope of the line in between the red lines; this is
called the deflection sensitivity.

i. Go to the Force menu and hit “Update Sensitivity”.
i.

You’ll be prompted to accept the new deflection sensitivity. Hit
yes.

j. If you want to save the force curve, right-click on the graph and hit
“export”
i.

You can choose to either export a graphic or the xz data. Do both.

ii.

Note that when you export the xz data, it only exports one half of
the force curve. If 1 is the active curve, it exports the extension
portion. If 2 is the active curve, it exports the retraction portion.

iii.

You can adjust the active curve by right-clicking on the graph and
changing it (it’s located beneath “export”)

k. Quit out of the step motor.
l. Hit Withdraw to withdraw the tip.

68
m. Manually move the tip farther from the surface of the substrate.
6. Obtaining the spring constant
a. Make sure that the tip is far from the substrate.
b. Turn off the optical microscope monitor. It emits a high-pitched noise.
Also turn off any other obvious noise maker (music).
i.

(Later note: unofficial trials have shown that additional noise like
music or the monitor don’t seem to effect the thermal tune. If
you’re having trouble getting the thermal tune to work, try turning
these things off.)

c. Go to the Acquire menu, and hit “Thermal Tune”.
i.

Hit “Get Data”

ii.

Be quiet and don’t move much.
1. (Again, this may not be critical)

iii.

A blue curve should appear with only one sharp peak in it. If it
didn’t, something was interfering with the tip, probably noise. Try
again.

iv.

Hit “Fit Data”
1. A pair of vertical red dotted lines must surround the peak
fairly closely.

v.

Check these parameters:
1. Thermal Tune Range: 1-100 kHz
2. PSD Bin Width: I don’t think it matters, I have 7.63 Hz
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3. Deflection Sensitivity: Should be the same number
calculated earlier
4. Deflection Sensitivity Correction: 1.08
5. Temperature (Celsius): Input correct temperature
6. Spring Constant: What we’re calculating (don’t input
anything)
7. Median Filter Width: 3
8. Make sure “Lorentzian (Air)” is selected, not “Simple
Harmonic Oscillator (Fluid)”
vi.

Hit “Calc Spring K”
1. Hit “yes” if the value looks realistic
2. The package for the tips says that they’re 3, but I tend to
get numbers closer to 1.5 and 2.

vii.

Repeat this process a few times to ensure that you get similar
spring constant values each time. I averaged my spring constant
values and analyzed my force data with the average value later
1. I would recommend doing something like this as opposed
to trusting a single spring constant measurement and using
it to generate force data in the AFM software (you’re able
to re-set the “Plot Units” to Force once you have a spring
constant). I always collected and exported deflection data
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from the AFM and used my average spring constant value
in Excel to convert it to force data.
a. Check out my “Force curve analysis” excel sheet...
it will take care of most of this!
viii.

Close out of that window

7. Taking the force curve of a liquid droplet or film
a. Remove the dry cell. Invert it and set it somewhere where the tip won’t be
disturbed
b. Remove the hard-surface substrate.
c. Place new substrate with droplet or film on the stage. Make sure that the
laser hits the liquid sample (this is where the tip will be contacting!)
d. Take temperature and relative humidity data, as needed.
e. Make sure that the sample won’t interfere with the tip initially and put the
dry stage with the tip back in the AFM. The laser should still be aimed
properly on the tip.
f. Manually approach the tip.
i.

This part is fun, because the optical microscope is of very little use.
If you are able to focus the optical microscope on the liquid
surface, it’s your lucky day! When I’ve been successful at
focusing on a liquid surface, it’s actually been surface bubbles or
specs of dust on the surface that I’ve been able to bring into
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focus... normally the droplet is optically transparent and you have
to approach the tip without the optical microscope
ii.

As you probably cannot use the optical microscope to gauge how
close the tip is to the liquid’s surface, you MUST use the
monocular.
1. Focus the monocular so that you can VERY CLEARLY
see the cantilever of the tip and the liquid surface.
2. Use the rocker switch to manually approach the tip to the
liquid interface.
3. You will see the laser bouncing off of both the tip and the
liquid’s surface directly beneath it. Approach the tip until
these two laser dots get close to touching. This is an art. If
your liquid isn’t volatile (I’d recommend practicing on a
non-volatile liquid like oleic acid), don’t worry about
getting them too close.
a. Volatile liquids evaporate and you have to race the
tip towards the receding liquid interface before it
entirely evaporates. It’s FUN!
b. If you push the droplet into the cantilever (make the
laser dots touch), you will submerge the cantilever.
This is not good. You cannot get a force curve this
way (the laser probably isn’t reflecting into the
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photodetector anymore and your sum signal will
drop significantly), and this harms the tip’s
cantilever. Pull the sample away from the tip and
observe how much the droplet pulls the cantilever
down. You will probably want to check the
cantilever’s integrity under SEM...
g. Do a false engage, quickly switch to force mode.
h. Step the tip to the liquid surface. Step motor at 1 um, Ramp size at 1.1
um. Trigger still at 30 nm (relative trigger mode, absolute trigger
direction). Cycle stepping and Single approaching until the force curve is
no longer a flat line.
i.

For non-volatile samples (oleic acid), you can spend as long as you
need approaching the surface of the sample. This is why you
should learn on non-volatile samples

ii.

For volatile samples (water, α-pinene, isopropanol...), you will
likely need to speed up your cycle time. I have used Scan Rates of
2 or even 3 Hz in order to allow me to race towards the liquid
interface (see above). This is risky because you may overshoot
and either submerge the cantilever (see above) or hit the hard
substrate and continue into it if you’re not paying attention and you
didn’t beat the evaporating droplet. For experts only.
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i. The first force curve you get of the sample will probably dive down, then
retract all the way on a flat line lower than it started. Keep stepping the tip
around until it jumps back up on retraction (see Figure 5-6)
j. Export the force curve once it looks good
i.

A note on visco-elastic samples: I have found that most samples of
aerosols are visco-elastic. The first force curve I take of them
often resembles Figure 5-7. This can be remedied by slowing the
Scan Rate down, to about 0.01 Hz. Your force curve will now take
on the order of 5 minutes to get. But your data will be usable.

k. It is normal that, after exporting your data for one force curve, you take
another and the curve has shifted. This is the sample evaporating. Just
move the tip back into position and take another curve.
l. Retract the tip. Remove tip and sample and clean up/ shut off the AFM.
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Troubleshooting AFM operation
I think that there is something wrong with the tip but I can’t see it.


First, check the cantilever under the optical microscope. Is it still there? It is
known to snap off.



If you don’t see any problems with the cantilever under the optical microscope,
try SEM
o If you use the “Hritz” mode on SEM, it should produce good images.
o Recommend 5 kV, 51 spotsize
o In order to examine the needle, it is best to view the tip at an angle. I used
30 degrees.

My thermal tune keeps giving me significantly different answers.


This has been known to be a problem. The true cause is unknown.



It has been assumed that this typically occurs either when there is something
interfering with the tip’s vibration during the thermal tune (residual sample or a
dust particle on the needle) or when the tip’s cantilever is weak. SEM the tip to
try to figure out what’s wrong.

The spring constant for my tip is dropping over time.


This is most likely due to a weakening in the tip’s cantilever. If the force data
obtained from the tip deteriorates (tip deflection increases greatly with liquid
samples), this is definitely the case. SEM should provide the final conclusion.
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I can’t find the solid or liquid surface.


For the solid surface, have patience. As soon as you try to speed up the process of
finding the surface, you will often find it and may accidentally drive the tip into it.
This can snap the needle.



For the liquid surface, have patience. Check the position of the tip relative to the
liquid interface on the monocular. Is it closer or farther away than when you first
started stepping the tip down? If it’s farther away, the liquid is evaporating faster
than you are moving the tip down. Speed up the Scan rate. Be extra careful not
to submerge the tip.

I keep breaking tips.


Maybe not. Sometimes miracles happen. If the cantilever’s visible in the optical
microscope, check them out on the SEM



Practice on broken or cheaper tips.

My force curves should have a flat baseline but are actually oscillating.


This is a mysterious phenomenon that I have seen. Instead of getting a flat
baseline, oscillations are seen.
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This occurs independently of tip, where the laser is on the cantilever (to our
knowledge), and the Scan rate. It appears to become worse the closer the tip is to
the sample.



It is presumed to be a problem with the AFM’s piezos.

My force curves of the liquid sample don’t have a steady baseline.


Make sure that the needle is being pulled from the liquid at the end of each
retraction. This is indicated by a large step up in the retraction curve, near its
starting point.
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Cleaning Procedures

Clean equipment is of the utmost importance when taking surface tension measurements.
There is the potential for wasting a lot of time if the sample puck or tip are not clean
when measurements are being made.

Isopropanol (99.8% residue free, Acros Organics), or IPA, is a solvent that has worked
well for this purpose. Below is a list of items that have been useful for cleaning:


Isopropanol



Ultrapure water



Glass jars with glass stopper lids



Small petri dish



Rubber gloves



Sealable plastic bags



Plastic eyedroppers



Tweezers for cleaning only



About 1 in2 of a very fine screen/ metal mesh

The IPA and ultrapure water are kept in the glass jars. Keep an extra glass jar for liquid
waste. The rubber gloves are to be worn whenever there is a chance you may handle
anything that comes into contact with the sample or tip. The plastic eyedroppers, petri
dish, and tweezers are kept in sealable plastic bags.
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To clean sample pucks:


Wear gloves and safety glasses.



Clean the cleaning tweezers. Use an eyedropper that has only ever held the IPA
and dispense IPA from the IPA glass container over the tweezers. Hold the
tweezers over the open waste jar. Be careful not to let contaminants get into the
IPA (cover it when not in immediate use).



Use the clean tweezers to pick up a sample puck. Clean the puck using the same
method used to clean the tweezers.



Either used canned air or a particle-free inert gas stream (there’s a nitrogen tank in
the AFM lab) to dry the puck.



Place the puck someplace where it will stay clean- either directly into the AFM or
into a closable sample holder.



The puck is now ready to be used to collect sample or for testing standard liquids.

To clean the AFM tip:


Wear gloves and safety glasses.



Note that this is one of the most dangerous things you can do to a tip. I have not
found a consistent way to clean tips without accidentally breaking them. Be very
careful.



Clean the petri dish, much like one cleans the sample puck.



Clean the mesh in the same way. Place the clean mesh in the petri dish
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Take the tip you wish to clean and gently place it face-up on the mesh.



Put a small puddle of IPA into the petri dish, initially on the opposite side from
the mesh.



Use clean tweezers to move the mesh (with the tip on top) into the IPA. Make
sure that the tip is entirely submerged



After a short while, very carefully remove the mesh (with the tip still on top) from
the petri dish and set it on a Kim wipe. This will wick all of the excess IPA off.



Move the tip directly into the dry cell and use the tip immediately.

Other notes on cleaning:


It is good practice to ensure that both the tip and puck are clean before doing
anything involving “real” data collection on the AFM. Even when taking the
force curve of the hard sample during calibration, it is important that the tip
doesn’t get dirty. If the tip is removed from the dry cell at any time after
calibration (deflection sensitivity and spring constant), the previous
calibration is void. This is because the laser (which detects deflection) will not
be placed in exactly the same spot on the cantilever once the cantilever’s position
is moved... which happens when the tip is taken out and put back into the dry cell.
The tip, dry substrate, and any sample must all be clean at the start of the
force curve analysis. ALWAYS calibrate a clean tip, then use it for a sample
analysis. The puck may need to be cleaned between taking the force curve of a
hard surface and obtaining the force curve of a liquid sample or standard. If the
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tip is dirty (ie: between liquid samples or standards on the same day), it must
be re-cleaned and recalibrated!


It is also good practice to use clean implements to transfer liquid standards to the
puck before force curve analysis of standards. All efforts must be made to ensure
that the liquid standards are not contaminated, so that they maintain the same
surface tension over time. I have used a small glass pipette (that is cleaned easily
using methods described above) to remove a few drops of standard liquid and
deposit them on a sample puck.

